with a p Ͻ 0.01 (or p Ͻ 0.001). Despite these limitations, cell (Faber et al., 1991) . These synapses exhibit both chemical synaptic transmission and electrotonic transthese studies were among the first to provide experimental evidence for the existence of silent synapses. mission, which is mediated via gap junctions. When paired pre-and postsynaptic recordings were made, Evidence From the Mauthner Cell and Crayfish Neuromuscular Junction presynaptic stimulation always elicited orthodromic coupling potentials, but chemically mediated synaptic Studies of relatively simple synaptic preparations, such as the frog neuromuscular junction, offer many experiresponses were observed in Ͻ20% of the recordings. The presence of the coupling potential indicated that mental advantages and have provided important information about many of the basic properties of synaptic the two cells were connected and that the evoked action potential was in fact invading the terminal, thus ruling function. Two preparations that have been extensively characterized both anatomically and electrophysiologiout branch point failure as an explanation for the lack of chemical synaptic transmission. Brief repetitive precally over the last two decades are the goldfish Mauthner cell and the crayfish neuromuscular junction. Two dissynaptic activation did not unmask chemical transmission, even though the same stimulation enhanced transtinct synaptic inputs onto the Mauthner cell have been examined (Faber et al., 1991) . One input is formed by an mitter release at connections that were capable of generating EPSPs. In contrast, presynaptic injection of identifiable class of inhibitory interneurons which utilize glycine as their neurotransmitter. These synapses have K ϩ channel blockers was capable of converting silent synapses to transmitting ones. Thus, at these synapses, been studied by simultaneous pre-and postsynaptic recording combined with anatomical reconstructions the machinery for transmitter release appears to be available but presumably requires a rise in presynaptic (Faber et al., 1991; Charpier et al., 1995) . A significant proportion (25%) of these paired recordings yielded no Ca ϩ greater than that provided by normal impulse activity. Examination of long-term facilitation (LTF) at the craydetectable postsynaptic responses, even though, when anatomically reconstructed, the number and distribution fish neuromuscular junctions has also provided evidence for the existence of silent synapses and the ability of synaptic contacts on the postsynaptic cell were similar to connections that were functional. Importantly, teof activity to make them functional (Wojtowicz, et al., 1991) . LTF is triggered by prolonged (minutes), high fretanic stimulation of the VIIIth nerve, which provides afferent input to the pool of interneurons, caused the quency (10-20 Hz) stimulation of an excitatory axon that innervates an individual muscle fiber by making multiple immediate appearance of responses at the ineffective synapses. This result confirmed that the morphological discrete synapses. LTF requires presynaptic activation of adenylate cyclase and cAMP-dependent protein kisubstrate for synaptic function was in fact present.
An unresolved question is whether the silence of these nase. Quantal analysis of the muscle responses using either a simple binomial model, which assumed that p inhibitory synapses on Mauthner cells is due to their failure to release transmitter or to the absence of funcis constant for all release sites, or a more complicated model, which assumed that p is nonuniform, indicated tional postsynaptic glycine receptors. Attempts to enhance transmitter release at these silent synapses by that LTF was, at least in part, due to an increase in n. Consistent with this proposal are morphological studies intraaxonal injections of 4-aminopyridine or calcium were unsuccessful, even though the same manipulation that compared the ultrastructural properties of synapses that had not been stimulated with those that were examcaused a significant increase in the size of synaptic responses in the already functioning synapses. The posined 45 minutes after the induction of LTF (Wojtowicz et al., 1994) . While most presynaptic ultrastructural sibility that these synapses are postsynaptically silent is supported by a clever experiment that took advantage properties were the same, connections that expressed LTF had a greater proportion of synapses with multiple of the finding that glycine released from one synapse spreads to receptors localized at adjacent synapses active zones, as defined by the presence of so-called dense bodies. That the new presynaptic release sites (Faber et al., 1991) . It was found that stimulation of an interneuron that generated no detectable direct postmay have evolved from preexisting ones was suggested by some examples of "splitting" dense bodies, which synaptic response in a Mauthner cell nevertheless was capable of generating a small inhibitory postsynaptic were only observed in the LTF group. Thus, this putative increase in the number of active zones in some synapses current (IPSC) when superimposed on an IPSC evoked by stimulation of the VIIIth nerve. This was interpreted during LTF fits nicely with the conclusions from the electrophysiological analysis. as indicating that the silent interneuron made synapses that released glycine but that the postsynaptic memEvidence From the Hippocampus The mechanisms responsible for the expression of longbrane at these synapses was unresponsive. The modification of the IPSC generated by VIIIth nerve stimulation term potentiation (LTP) in the hippocampus have been the subject of great interest but also have generated was therefore attributed to spread of the transmitter from the silent interneuron onto adjacent synaptic reintense debate. While the lack of resolution to this debate is frustrating, a valuable outcome has been that it gions and a synergistic action of the two sources of glycine on individual receptors. Consistent with this prohas forced investigators to rigorously examine the basic properties of synaptic transmission in the mammalian posal, postsynaptic injection of cAMP was capable of converting a silent synaptic connection into a functional CNS and the assumptions underlying current models. One prime example of this is the recent work that supone, presumably because of upregulation of glycine receptors (Faber et al., 1991) .
ports the existence of silent synapses in the hippocampus. That the conversion of silent synapses to functional Silent synapses have also been found at the dualfunction excitatory synapses made by VIIIth nerve afferones may contribute to LTP is not a new idea (Voronin, 1983 ) and has been suggested as a formal possibility by ents directly onto the lateral dendrites of the Mauthner a variety of investigators over the last decade. However, that are entirely generated by NMDA receptors, suggesting that a proportion of synapses contain NMDA only recently has direct experimental work that seriously addresses this possibility been presented.
receptors but no functional AMPA receptors (Isaac et al., 1995; Liao et al., 1995; Durand et al., 1996) . Because There are at least two distinct forms of LTP in the hippocampus (Nicoll and Malenka, 1995) . One is the of the voltage dependence of the NMDA receptors, these synapses would be "silent" at resting membrane extensively examined NMDA receptor-dependent form, which is routinely studied in the CA1 region or dentate potentials. Thus, these data were consistent with the proposal that LTP involves a process that converts postgyrus. The other is mossy fiber LTP, which occurs at the synapse between the axons of dentate granule cells synaptically silent synapses, which lack AMPA receptors, to synapses that contain functional AMPA recep-(the mossy fibers) and CA3 pyramidal cells, and which does not require NMDA receptors. Much evidence has tors ( Figure 1A ). Such a mechanism could explain many of the electrophysiological changes observed during accumulated that mossy fiber LTP is induced presynaptically by a rise in calcium and activation of adenylate LTP (e.g., an increase in mEPSC frequency and a decrease in synaptic failures) that have been attributed to cyclase, which lead to a long-lasting increase in transmitter release.
an increase in p. However, there are alternative hypotheses that can Recently, mossy fiber LTP has been demonstrated in single cell "autaptic" cultures of dentate granule cells explain the data used to support the existence of postsynaptically silent synapses. NMDA receptors have a (Tong et al., 1996) . This preparation offers many advantages for a more detailed analysis of the mechanisms higher affinity for glutamate than do AMPA receptors. It is possible that at some synapses, vesicles release underlying this form of plasticity, since all of the synapses on the cell have a common origin (in contrast such a small quantity of glutamate that only NMDA receptors, but not AMPA receptors, are activated. The to the situation in vivo). Consistent with a presynaptic expression mechanism, mossy fiber LTP in culture was conversion of these apparently silent synapses to functional synapses during LTP would therefore have to be accompanied by a large increase in the frequency of miniature excitatory postsynaptic currents (mEPSCs) due to some mechanism that increased the concentration of glutamate in the synaptic cleft; for example, an but no change in their amplitude. While such a change is classically attributed to an increase in p, it is posincrease in vesicle filling or the simultaneous release of multiple vesicles. Currently, there are no data to support sible that the conversion of silent to functional synapses could also have contributed to this increase. This this hypothesis, although it cannot be ruled out. Another hypothesis for which there is some experipossibility was explored by taking advantage of the use-dependent irreversible NMDA receptor antagonist mental support is that the silent synapses that exhibit only NMDA receptor-mediated responses are due to MK-801. Application of MK-801 during synaptic stimulation caused the complete disappearance of synaptic spillover of glutamate (Kullmann et al., 1996) . According to this hypothesis ( Figure 1B) , under certain experimenresponses. However, induction of LTP with tetanic stimulation caused the immediate reappearance of a synaptal conditions, glutamate is not strictly limited to the synaptic cleft at which it was released but can "spill tic response, which remained for the duration of the experiment. This result indicates that mossy fiber LTP over" onto adjacent synapses at a concentration that is sufficient to activate NMDA receptors but not AMPA is due in part to the turning on of silent synapses. To address the possibility that this conversion of silent to receptors. Such a scenario can indeed explain why it is possible to generate small synaptic responses that are functional synapses was due to an upregulation of NMDA receptors, NMDA was directly applied to the cell mediated solely by NMDA receptors, although a corollary of this proposal is that the presynaptic boutons in the presence of MK-801 and then both were washed out. Following this manipulation, which blocked all funcactually releasing the glutamate do not directly contact the recorded cell (since that would yield a normal AMPA tional NMDA receptors on the cell, the LTP induction protocol had no effect. These results are consistent with receptor EPSP) but instead form synapses with adjacent cells. Importantly, to explain the sudden appearance of a mechanism like that proposed for LTF in the crayfish: the activity-dependent turning on of previously silent AMPA receptor-mediated responses following the induction of LTP (Isaac et al., 1995; Liao et al., 1995; release sites. Silent synapses also appear to play an important role Durand et al., 1996) , the spillover hypothesis still requires the existence of silent synapses and their converin NMDA receptor-dependent LTP. Thus, it has been found that pairing a weak stimulus, which evokes no sion to functional ones; but in this case, prior to LTP, they must be presynaptically silent and either not release detectable synaptic response, with postsynaptic depolarization often results in the appearance of EPSCs neurotransmitter or release a concentration of glutamate insufficient to activate AMPA receptors. (Isaac et al., 1995; Liao et al., 1995; Durand et al., 1996) . Is this another example of switching on a presynaptically Current evidence is not sufficient to decide which hypothesis is correct, and it is possible that there are silent synapse, or is a different mechanism involved? Possible clues for a mechanism came from an analysis elements of truth to all of them. One potentially strong piece of evidence in support of the spillover hypothesis of the specific glutamate receptors involved in synaptic transmission. It has generally been accepted that at is the report that in cells in which the ability to generate LTP of the AMPA receptor-mediated response was premost excitatory synapses in the mammalian brain, AMPA and NMDA receptors are colocalized on dendritic vented, tetanic stimulation still caused a small potentiation of the NMDA receptor-mediated response, presumspines and simultaneously respond to the release of glutamate from individual boutons. However, it is possiably because of the induction of LTP in neighboring cells and the consequent greater degree of spillover onto the ble to record synaptic responses in CA1 pyramidal cells (B) Glutamate can spill over from one synapse to another, resulting in the activation of NMDA receptors but not AMPA receptors, due to the higher affinity of NMDA receptors (left). Before LTP (middle), the synapse is silent because it cannot release neurotransmitter when activated. LTP results from the release of a retrograde messenger that turns on the presynaptic bouton, so that it now can release neurotransmitter (right). recorded cell's NMDA receptors from adjacent synduring the course of early postnatal development. This observation has led to the suggestion that the converapses (Kullmann et al., 1996) . However, the potentiation of the NMDA receptor response under these conditions sion of silent to functional synapses, perhaps due to an LTP-like mechanism involving correlated presynaptic was small and highly variable. In favor of the postsynaptic explanation for silent synapses, the failure rate at activity, may contribute to the activity-dependent refinement of neural circuitry that occurs during development. depolarized potentials (which allows examination of the NMDA receptor-mediated responses) did not change
In addition to considering their potential role in development, it may also prove worthwhile to consider the implifollowing the induction of LTP, while the failure rate at hyperpolarized potentials decreased significantly (Liao cations of silent synapses and their conversion to functional ones for the storage of information by neural et al., 1995) . If LTP is accompanied by an increase in transmitter release and spillover accounts for silent synnetworks. apses, the failure rate at depolarized potentials also failures from small NMDA receptor-mediated synaptic (1995) . Proc. Natl. Acad. Sci. USA 92, [117] [118] [119] [120] responses. Direct anatomical localization of glutamate Durand, G.M., Kovalchuk, Y., and Konnerth, A. (1996) . Nature 381, receptor subtypes at individual synapses will clearly be 71-75. an important step in resolving this issue. Evidence from a variety of preparations suggests that Isaac, J.T.R., Nicoll, R.A., and Malenka, R.C. (1995) . Neuron 15, in any given neural circuit, some proportion of synapses 427-434. are functionally silent. Their silence can only be attribIsaac, J.T.R., Crair, M.C., Nicoll, R.A., and Malenka, R.C. (1997). uted to one of two causes; failure of the presynaptic Neuron 18, [269] [270] [271] [272] [273] [274] [275] [276] [277] [278] [279] [280] terminal to release neurotransmitter when invaded by Kullmann, D.M., Erdemli, G., and Asztely, F. (1996) . Neuron 17, [461] [462] [463] [464] [465] [466] [467] [468] [469] [470] [471] [472] [473] [474] an action potential or lack of functional transmitter receptors in the postsynaptic membrane. Both types of Liao, D., Hessler, N.A., and Malinow, R. (1995) . Nature 375, 400-404. synapses appear to exist, and both can be converted Nicoll, R.A., and Malenka, R.C. (1995) . Nature 377, [115] [116] [117] [118] to functional synapses by specific patterns of activity. Redman, S. (1990) . Physiol. Rev. 70, Recent work in the hippocampus indicates that a signifiPun, R.Y.K., Neale, E.A., Guthrie, P.B., and Nelson, P.G. (1986) . J. Neurophysiol. 56, 1242 Neurophysiol. 56, -1256 cant proportion of synapses are silent. The synapses made by mossy fibers contain presynaptically silent synTong, G., Malenka, R.C., and Nicoll, R.A. (1996) . Neuron 16, 1147 Neuron 16, -1157 apses. More typical synapses, as represented by the Voronin, L.L. (1983) . Neuroscience 10, 1051-1069.
Schaffer collateral/commissural input to CA1 pyramidal cells, can also be silent. Although it is possible that Wall, P.D. (1977) . Philos. Trans. R. Soc. Lond. [Biol.] 278, [361] [362] [363] [364] [365] [366] [367] [368] [369] [370] [371] [372] these are also silent because they fail to release transWojtowicz, J.M., Smith, B.R., and Atwood, H.L. (1991) . Ann. N.Y. Acad. Sci. 627, [169] [170] [171] [172] [173] [174] [175] [176] [177] [178] [179] mitter, the existence of synaptic responses mediated Wojtowicz, J.M., Marin, L., and Atwood, H.L. (1994) . J. Neurosci. 14, solely by NMDA receptors is consistent with a postsyn- 3688-3703. aptic mechanism. Synaptic responses mediated only by Wu, G.-Y., Malinow, R., and Cline, H.T. (1996) . Science 274, [972] [973] [974] [975] [976] NMDA receptors also have been observed at thalamocortical synapses in somatosensory cortex (Isaac et al., 1997) and in the frog optic tectum (Wu et al., 1996) . In both the hippocampus and these other preparations, the proportion of silent synapses appears to decrease
